A wide array of ground-based and airborne instrumentation is used to examine the kinematic and moisture characteristics of a nonprecipitating cold front observed in west-central Kansas on 10 June 2002 during the International H 2 O Project (IHOP). This study, the first of two parts, is focused on describing structures in the across-front dimension. Coarsely resolved observations from the operational network and dropsondes deployed over a 200-km distance centered on the front are combined with higher-resolution observations from in situ sensors, Doppler radars, a microwave radiometer, and a differential absorption lidar that were collected across a ϳ40-km swath that straddled a ϳ100-km segment of the front.
Introduction
Boundary layer convergence zones (or boundaries) have long been known to be key factors in convection initiation and evolution (e.g., Byers and Braham 1949; Wilson and Schreiber 1986; Cohen and Kreitzberg 1997; Cohen and Schultz 2005 ). An examination of the literature suggests that boundaries such as gust fronts (e.g., Charba 1974; Wakimoto 1982; Weckwerth and Wakimoto 1992; Friedrich et al. 2005) , sea-breeze fronts (e.g., Blanchard and Lopez 1985; Atkins et al. 1995; Fovell 2005) , and drylines (e.g., Fujita 1970; Koch and McCarthy 1982; Schaefer 1986; Hane et al. 1997; Murphey et al. 2006) have received the largest amount of attention in terms of documenting their kinematic and moisture characteristics for convective weather forecasting applications. Precipitating cold fronts, particularly those associated with narrow cold frontal rainbands, have been examined in this context as well (e.g., James and Browning 1979; Hobbs and Persson 1982; Carbone 1982; Roux et al. 1993; Braun et al. 1997; Koch et al. 1997; Wakimoto and Bosart 2000; Jorgensen et al. 2003; Schultz and Trapp 2003) .
There is far less detailed observational documentation of nonprecipitating cold fronts. Shapiro (1984) , Young and Johnson (1984) , and Shapiro et al. (1985) used instrumented tower data to reveal the detailed vertical structure of a cloud-free cold front propagating through northeast Colorado. Similar approaches were employed by Garratt (1988) and Smith et al. (1995) for studies of nonprecipitating cold fronts in Australia, except they relied on sounding and profiler data for their observed inferences. A more detailed case study analysis of this type of interaction was performed by Koch and Clark (1999) for a nonprecipitating cold front observed in Oklahoma. Single-Doppler radar observations were accompanied by surface, sounding, satellite, and profiler data to explore the interaction of a nonprecipitating cold front propagating into a shallow stable layer and then merging with a quasi-stationary dryline. The single-Doppler radar observation available in their study provided an illuminating horizontal context for the structure of the interaction, but threedimensional wind fields could not be derived. Brandes and Rabin (1991) also examined a nonprecipitating cold front in Oklahoma, but had the benefit of dualDoppler-derived wind fields. Their analyses depict a gradual turning of the horizontal winds at the frontal interface, but the grid spacing (1 km) was too coarse to resolve finescale details such as the presence or absence of misocyclones. Some of these shortcomings were addressed by Neiman and Wakimoto (1999) , who analyzed a nonprecipitating cold front observed in north Texas and southwestern Oklahoma. Higher-resolution (0.6 km) dual-Doppler winds were derived and vertical structure was explored, allowing a detailed spatial examination of the front as it moved over a shallow arctic air mass. A limiting factor in their study is that only one analysis time was available for investigation of the cold front prior to its merger with a dryline, a fact that did not permit discussion of cold frontal evolutionary character.
Datasets from the 13 May to 25 June 2002 International H 2 O Project (IHOP; Weckwerth et al. 2004) provide an opportunity to examine the kinematic and moisture structures of boundaries such as nonprecipitating cold fronts with unprecedented detail. Arnott et al. (2006) examined the finescale (100 m and 90 s) structure of the nonprecipitating cold front on 10 June 2002, with an emphasis on misocyclones observed along and adjacent to the front and the associated cloud development and decay. However, their analysis was confined to a 20 km ϫ 20 km domain that straddled the front. Our two-part study extends the Arnott et al. (2006) analysis by investigating a much larger spatial domain, up to 200 km across the front and up to 100 km along the front. Friedrich et al. (2007, manuscript submitted to Mon. Wea. Rev., hereafter Part II) will focus on kinematic and moisture variability observed along the front while in this paper the emphasis will be on the across-front, kinematic, and moisture structures.
Case overview
The surface analysis on 10 June 2002 shown in Fig. 1 indicates a surface cold front that extended from central Nebraska, through western Kansas and into eastern Colorado. During the morning to early afternoon hours, 1 the cold front moved toward the southeast at ϳ8-10 m s
Ϫ1
. A dryline evident in eastern New Mexico and southeastern Colorado at 1200 UTC extended northward along a lee trough (Martin et al. 1995; Hobbs et al. 1996) toward a low pressure center positioned in close proximity to the front (Fig. 1a) . As the cold front moved southeastward, the north end of the dryline moved to the east (Figs. 1b,c) in a manner similar to that described by Hutchinson and Bluestein (1998) and Schultz (2004) for prefrontal wind shift lines.
By 1900 UTC, the portion of the cold front in west Kansas slowed its southeastward movement to less than 1 m s Ϫ1 (Fig. 2a) . Surface observations indicate a confluence zone (deformation and horizontal convergence) and a temperature gradient from the southeast to northwest associated with the cold front, conditions conducive to frontogenesis (Keyser et al. 1988) . While the deformation zone and horizontal convergence, both frontogenetical processes, were still observed later in the afternoon (Fig. 2b) , the temperature gradient was weaker, an indication that frontolysis has occurred. Arnott et al. (2006) discuss in more detail the thermodynamic structure and evolution of the front. They concluded that the increase in temperature within the cool air was due to diabatic heating, which in turn caused a weakening of the frontal circulation.
The location of the cold front leading edge within the outer IHOP observational domain (Box A in Fig. 2a ) appears as a thin line of enhanced reflectivity (4-10 dBZ ) oriented in a northeast-southwest direction (Figs. 3a,c) . Surface observations within this domain indicate a second, more diffuse boundary ahead of (i.e., to the southeast of) the cold front with horizontal gradients of moisture and wind. This secondary boundary was clearly evident in the western half of the IHOP observational domain (i.e., Ͼ100°W) through examination of surface meteorology observations and radar reflectivity (Figs. 3 and 4) . The region between the front and secondary boundary is characterized by a hot, dry air mass with southwesterly winds (see surface observations at Garden City, Ness City, and Hays, Kansas; Fig. 3 ), while southeast of the secondary boundary, winds are southerly and the air mass is moister and warm. Another signature of the secondary boundary is a distinct gradient in radar reflectivity, with values mainly below 0 dBZ in the hot, dry air mass and above 0 dBZ in the warm, moister air mass. An exception to this pattern is found in the hot, dry air mass, where a line of enhanced reflectivity (5-10 dBZ ) paralleling the secondary boundary is evident (Figs. 3 and 4) . This line of reflectivity and its relationship to the secondary boundary will be discussed in more detail in Part II. In the eastern part of the observational domain (i.e., Ͻ100°W), the location of the secondary boundary is less evident with these data, but is drawn based on dropsonde and aircraft data that will be shown later. Overall, the observational evidence suggests that the secondary boundary has characteristics similar to a dryline. Since the western extent of the secondary boundary is in close proximity to the eastern extent of the large-scale dryline shown in Fig. 1 , we hypothesize that the secondary boundary is an extension of the large-scale dryline. The evolution of this dryline within the IHOP observational domain will be discussed in more detail in section 4 based on higher-resolution measurements.
Thermodynamic conditions in the warm, moister air mass became more favorable for convection initiation as the afternoon advanced. (Figs. 2b and 3c ). Cloud development along the cold front on 10 June 2002 was investigated in more detail by Arnott et al. (2006) .
IHOP observing systems and data processing
The analysis of thermodynamic and kinematic structures associated with the cold front is focused on ob- Surface observations overlaid on GOES-11 visible satellite image (1-km resolution) at (a) 1900 and (b) 2200 UTC. Plotting convections for wind, temperature, dewpoint temperature, the cold front, and the dryline are the same as in Fig. 1 . The outer observational domain is located in the white box labeled A, while the inner observational domain is located within the white box labeled B. servations collected by instruments on the Naval Research Laboratory (NRL) P3, University of Wyoming (UW) King Air, dropsondes released by the Flight International Lear Jet (LJ), and data collected by the mobile microwave radiometer (MMR) deployed by the Desert Research Institute (DRI). The location of each alongfront NRL P3 flight leg is shown in Fig. 4 . The flight track of the UW King Air, locations of dropsondes, and the path of the MMR are also indicated. Time periods and horizontal extent of the airborne data, dropsondes, and microwave radiometer data used for further analysis are listed in Table 2 . Spatial extent and resolution in the across-front and vertical directions are summarized in Table 3 .
M O N T H L Y W E A T H E R R E V I E
The airborne, dual-beam Electra Doppler radar (ELDORA), the water vapor Differential Absorption lidar (DIAL) Lidar pour l'Etude des Interactions Aerosols Nuages Dynamique Rayonnement et du Cycle de l'Eau (LEANDRE II), and in situ instruments were mounted on the P3 aircraft operated by NRL. The P3 aircraft flew rectangular tracks along and across the cold front between 1830 and 2040 UTC (Fig. 4, Table 2 ) at an altitude of ϳ1.3 km MSL 2 (ϳ0.6 km AGL). Data obtained during significant aircraft turns, defined as an absolute aircraft roll angle Ͼ5°, were excluded from the analysis to improve the overall accuracy of the Doppler wind retrievals.
Detailed information about the design of ELDORA is provided by Hildebrand et al. (1994 Hildebrand et al. ( , 1996 . Table 4 lists the specific scanning parameters for the flight. First, ground clutter and data with a low signal-to-noise ratio were eliminated. The fine-tuning navigation correction method was applied to identify and correct uncertainties in the aircraft Inertial Navigation System and errors in the radar-pointing angles (Bosart et al. 2002) . Individual fore and aft scans were then interpolated to a three-dimensional Cartesian grid with a horizontal resolution of 600 ϫ 600 m 2 and a vertical resolution of 250 m using a Cressman (1959) distancedependent weighting scheme. The resolvable wavelength of motion is ϳ3.6 km (Carbone et al. 1985) . Wind components were derived using a dual-Doppler analysis from the fore and aft scans (Jorgensen et al. 1996) . The vertical velocities were derived by integrating the mass continuity equation up-and downward using a variational scheme (O'Brien 1970) .
A detailed description of the LEANDRE II can be found in Bruneau et al. (2001) . The water vapor mixing ratio is determined from the differences in backscattered laser energy centered on and outside a water vapor absorption band. Configuration characteristics are listed in Table 4 . Data were interpolated onto a twodimensional Cartesian grid with a horizontal resolution of 450 m using a two-pass Barnes filter (Barnes 1973) . LEANDRE II data sampling was limited relative to ELDORA because the lidar was operating in a noneye safe mode. Therefore, the analysis was restricted to two flight legs that had the most complete lidar and radar coverage across the front.
The UW King Air intersected the front 4 times be- Integrated water vapor measurements were provided by a MMR deployed by the DRI (Fig. 4) . The MMR is a dual-channel instrument that operates at frequencies of 20.6 and 31.65 GHz (Huggins 1995) . Its zenithpointing antenna yields a 2.5°beam sampling width. Statistical retrieval techniques are used to compute path-integrated depths of water vapor and liquid water (Westwater and Strand 1972; Hogg et al. 1983 ).
The observed across-front variability

a. Dropsonde analysis
The first series of dropsondes was placed across the cold front from northwest to southeast between 1927 and 1950 UTC in an area where there was no clear evidence of the dryline based on radar reflectivity (Fig.  4d) . Vertical cross sections derived from profiles of temperature, mixing ratio, and wind are shown in Fig. 5 . The northwestern part of the traverse observed between 1927 and 1939 UTC passed through the cool sec- and (g). Two convective cells were first observed by radar at the locations marked by the ϫ signs. Plotting conventions for the cold front and dryline are the same as in Fig. 2 . Times at the top correspond to the analysis times of the DDC radar. Time periods and lengths of the airborne data are the same as listed in Table 2 .
tor behind the cold front while the leading edge of the front was intersected between 1939 and 1942 UTC. The cool sector extended up to about 2 km and was characterized by a northwesterly wind Ͻ5 m s Ϫ1 up to an altitude of 1.5 km backing to southwest between 1.5 and 2 km. Virtual potential temperatures ( ) ranged from 312 to 316 K in the cool air mass and were the lowest observed temperatures along this traverse. The mixing ratio (q) within the cool air was less than 10 g kg Ϫ1 and increased only to 11 g kg Ϫ1 at the leading edge of the cold front.
The dryline ahead of the cold front is not clearly evident between 1942 and 1950 UTC in Fig. 5 since the air ahead of the front was comparatively moister than the cool air. The mixing ratio increased immediately ahead of the cold front and ranged from 11 to 14 g kg
Ϫ1
, with values of equivalent potential temperature ( e ) as high as 355 K. However, the relative humidity measurements of the dropsondes launched at both 1945 and 1950 UTC were biased to the point that their thermodynamic data could not be used in the analysis. Therefore, mixing ratio and temperatures were interpolated between 1942 and 1959 UTC (indicated as dashed lines in Fig. 5 ). Interestingly, a change in wind within the warm, moister air mass was still visible up to ϳ1.3 km with southwesterly winds of Ͻ5 m s Ϫ1 about 20 km ahead of the cold front, which backed to southerly winds of ϳ7.5 m s Ϫ1 about 70 km farther to the southeast. At the northeastern edge of the observational domain, there are very few surface observations, which leads to speculation about whether the hot, dry air extended that far northeast or if the warm, moister air had already merged with the cold front. Although the winds show the typical signature associated with the hot, dry air at 1942 UTC, the mixing ratio values (11-14 g kg Ϫ1 ) sampled by the dropsondes inclusively between 1942 and 1950 UTC indicate the existence of a moist air mass. Since signatures of the hot, dry air were measured, it is most likely that the warm, moister air has already merged with the hot, dry air in the northeastern part of the observational domain.
Large increases of and decreases of e with increasing altitude indicate the existence of a statically very stable and convectively very unstable layer above the cool air mass at ϳ2-2.5 km MSL and above the warm, moister air mass at ϳ2.3-3 km MSL. Below the capping layer, both air masses were neutrally stratified. Above the capping layer, a stable layer existed with winds from the southwest at speeds of 5-10 m s
. About an hour later, a second series of dropsondes was placed across the cold front from northwest to southeast (Figs. 3c, d and 4g) . Subsequent dropsondes along the line were released farther to the south than those in the first series. A vertical cross section through the cold front is shown in Fig. 6 . The cool air sector was still located to the northwest and was intersected between 2045 and 2054 UTC. The leading edge of the front was crossed between 2054 and 2057 UTC. Compared to the first series of dropsondes (1927 ( -1939 Fig. 5 ), within the cool air sector increased by ϳ3 K as a result of daytime heating. The front still extended up to ϳ2 km and was characterized by westerly to northwesterly winds of 5-10 m s
. Drying was also evident in the cool sector, as mixing ratio (q) decreased by ϳ1 g kg Ϫ1 between the first and the second traverses across the cold front. The vertical profile of mixing ratio at the cold front leading edge (2054 UTC) shows a pronounced moisture bulge between ϳ2.3 and 3 km MSL. Note that this dropsonde was released close to the point where two convective cells were first observed by the DDC radar after 2100 UTC. Similar vertically oriented moisture bulges have been observed along drylines (Schaefer 1974 (Schaefer , 1986 Ziegler and Hane 1993; Ziegler and Rasmussen 1998; Murphey et al. 2006 ) and have been hypothesized to indicate convergence and upward motion of a deep layer. Southeast of the cold front, the second series of dropsondes sampled a region where the front and the warm, moister air advected from the south were still separated by hot, relatively dry air advected from the southwest. The dryline was intersected by this dropsonde transect at ϳ2057 UTC. The hot, dry air was characterized by ϳ3 g kg Ϫ1 lower mixing ratios and ϳ1-3-K higher virtual potential temperatures than those observed farther to the southeast. Winds from the south-southwest at ϳ5 m s Ϫ1 were in evidence. The hot, dry air with mixing ratios Ͻ10 g kg Ϫ1 extended vertically up to ϳ1.5 km. The warm, moister air was sampled by dropsondes from 2100 to 2109 UTC and was characterized by stronger winds from the south at about 7.5 m s Ϫ1 and mixing ratios of ϳ12-14 g kg
. The virtual potential temperature was ϳ1-2 K higher compared to values observed during the first dropsonde series. The profile of e in this air mass suggests that it was convectively unstable (Fig. 6b) .
The second series of dropsondes was associated with a weakening of the strong stable layer over the cool, moist air as a result of daytime heating that was evidenced by decreased vertical gradients of and e between an altitude of 2 and 3 km. CIN derived from the DDC radiosondes located within the warm, moister air decreased from 294 to 130 J kg Ϫ1 during the period from 1800 to 2100 UTC (Table 1 ). The weakening of the capping layer and the heating of the air below created a more favorable environment for thunderstorm development. The air mass above the capping layer was still stably stratified. The cool air sector located to the west-northwest was intersected along 24 km of the flight segment. Within this area, (ϳ316-317.5 K) and e (347-349 K) were comparable to the values measured by the dropsondes at 2051 and 2057 UTC (Fig. 6 ). The cool air mass was neutrally stratified throughout the full depth of the UW King Air observations as seen in the and e fields (Fig. 7) . However a change in wind direction at the front from ϳ300°to 200°was observed at 0.9 and 1.2 km, with persistent 250°-300°winds well behind the front (Fig. 8) . At 1.5 km MSL, there was a similar wind shift at the front, but it was less consistent than what was observed at lower altitudes. At 1.8 km, there was a smaller wind shift at the front (ϳ250°-200°) that was not sustained at all behind the front. This distribution of wind with height suggests the existence of a shear layer between 1.2 and 1.8 km within the cool air sector. The mixing ratio within the cool air increased steadily toward the cold front leading edge from ϳ11 to ϳ12 g kg ). (b) Same as in (a), but with contours of equivalent potential temperature ( e ) instead of . In both (a) and (b), a mixing ratio Ͼ11 g kg Ϫ1 is shaded gray. The ground level is shown by dash-dot black lines. The gray and black dashed lines indicate the regions where extended interpolation of , e , and q was required due to relative data sparsity that resulted from erroneously biased relative humidity measurements that could not be used for the analysis. The approximate location of the surface cold front is indicated by the black line below ground level with filled triangles.
b. UW King Air in situ analysis
While the dropsonde released at 2057 UTC only hinted at the existence of hot, dry air immediately ahead of the cold front, much more moisture and wind structure detail is revealed by the horizontal profiles from the UW King Air. The distribution of mixing ratio in Fig. 9 shows that the dry air was characterized by mixing ratios of ϳ9.8-11.5 g kg Ϫ1 that reached up to ϳ1.5 km, with the largest values located between 0.9 and 1.2 km. The dry air was ϳ5 km in width at 0.9 km and increased to ϳ10 km at 1.5 km. Again, e (ϳ346-349 K), (ϳ317.5-318 K), and mixing ratio (9.8-11.5 g kg
Ϫ1
) agree well with the dropsonde data measured at 2057 UTC (Fig. 6 ). This air mass was neutrally stratified (Fig. 7a ) but convectively stable (Fig. 7b) . Winds in this air mass were directed out of the south-southwest at 8-10 m s Ϫ1 (Fig. 8) . Pronounced changes in wind speed (ϳ7 m s Ϫ1 ) and direction (ϳ100°) were observed at the leading edge of the cold front up to ϳ1.5 km. The slope toward the cool air was about 1 km up for every 8 km in the horizontal toward the west-northwest corresponding to a slope of ϳ7°. The largest horizontal gradient of mixing ratio between the cool, moist and hot, dry air was observed close to the surface (ϳ0.9 km) and decreased rapidly with height. Vertical velocity increased slightly (ϳ2 m s
) at the cold front leading edge with peak values of ϳ4 m s
. The warm, moister air mass was intersected farther to the east-southeast between 99.70°and 99.78°W with mixing ratios of about 11.5 g kg Ϫ1 and stronger winds from the south. This air mass was neutrally stratified (Fig. 7a ) but convectively unstable (Fig. 7b) . Again, e (ϳ348-350 K), (Ͼ318 K), and mixing ratio (ϳ11-12 g kg Ϫ1 ) agree well with the dropsonde data measured at 2100 UTC. The dryline separated drier air to the west-northwest from moist air to the eastsoutheast. A pronounced 2 m s Ϫ1 increase in upward motion relative to surrounding values was only observed along this dryline at 1.5 km. There is no apparent correlation between mixing ratio and vertical velocity (Fig. 9) .
c. ELDORA mean vertical cross-section analysis
Evolution of kinematic structures across the boundaries was investigated by creating a mean vertical cross section. The original coordinate system was rotated in a manner such that its yЈ axis is parallel to and its xЈ axis is perpendicular to the cold front. Mean values were derived from 70 to 207 individual xЈ cross sections of ELDORA data. The averaging process tends to smooth out small-scale variabilities, which results in wind fields that primarily portray larger-scale mean structures that have a horizontal wavelength of Ͼ3.6 km. Based on the evolution of the ELDORA radar reflectivity at 1.5 km between 1844 and 2041 UTC, the front moved slowly southeastward with an average speed of ϳ0.9 m s
Ϫ1
. Figures 10 and 11 show the evolution of the average front-relative kinematic structure across the front. Since the position of the dryline relative to the front varied in each individual vertical cross section (Figs. 3  and 4) , the averaging process has smoothed out any kinematic signature of the dryline to the point that it is not evident in the mean cross sections.
A rear-to-front flow of ϳ2 m s Ϫ1 was observed behind the cold front almost throughout the entire period. Solely during P3-Leg5 (Fig. 10d ) the rear-to-front flow is not shown, which might be related to the fact that area behind and at the cold front was hardly covered by the measurements. Nevertheless, we assume that the rear-to-front flow also existed during this period since it was consistently observed before and after P3-Leg5. Although the lowest ELDORA analysis level was at 1.05 km it can be assumed that the rear-to-front flow extended down to the ground (0.8 km MSL) based on surface observations. This assumption was confirmed by the observations of Arnott et al. (2006) that indicate front-relative flow in the lowest 500 m above ground of 5-10 m s Ϫ1 at 1946 UTC and Ͻ5 m s Ϫ1 at 2036 UTC. The effect of the rear-to-front flow on the cold frontal structure will be discussed more extensively in section 5. The average kinematic boundary depth, defined as the height between the ground and the zero cold frontrelative velocity, was ϳ600 m (Fig. 10) . The kinematic boundary depth remained mainly constant with time. We assume that the decrease in the kinematic boundary depth during P3-Leg5 and 7 is primarily due to inadequate sampling of the postfrontal area. At the leading edge of the cold front, isopleths of reflectivity form an upward bulge as indicated by the Ϫ5-dBZ reflectivity contour in Figs. 10 and 11. Above the average kinematic boundary (Ͼ1.3 km) the front-to-rear flow toward the northwest increased with time. Also, the average upward vertical motion at the cold front leading edge increased both in magnitude (0.5 to 1 m s Ϫ1 ) and depth (1-2 km) during the observation period. During P3-Leg6 and 7, the average positive vertical velocity of ϳ0.5 m s Ϫ1 extended up to 3.55 km, reaching the level of free convection located at ϳ3.6 km at 2100 UTC.
The upward bulge in reflectivity was collocated with the updraft region shown in Fig. 11 . The updraft tilted back over the cool air following the slope of the cold front, which was estimated to be ϳ7°in section 4b. Arnott et al. (2006) showed that the horizontal vorticity within the cool sector is much stronger than the horizontal vorticity ahead of the front, so that the updrafts tilted back over the cool air. As time progressed, the warm, moister air advected from the south, merged with the hot, dry air and converged with the cold front leading edge in the northeastern part of the observational domain. When the average low-level convergence exceeded ϳ0.5 ϫ 10 Ϫ3 s
, the mean updraft increased from ϳ0.5 to 1 m s pear strong enough to initiate convection along an entire cold front, Hobbs et al. (1980) reported heavy precipitation in small areas related to updrafts of ϳ1 m s
and convergence values of ϳ1.9 ϫ 10 Ϫ3 s
. Crook and Moncrieff (1988) stated that convection initiation is primarily triggered by strong ascent over a short time or by weak ascent over a longer time, assuming that instability is present. Ziegler et al. (2007) showed that for cumulus cloud development the air parcels need to rise up to their level of free convection before moving laterally out of the updraft region. However, on 10 June the pseudo-dual-Doppler-derived upward motions exceeded ϳ2-4 m s Ϫ1 in local areas (figures not shown). With these updraft magnitudes, air parcels need only 15-30 min to reach the LFC. However, air parcels need to remain in the updraft long enough to be lifted to the LFC. Arnott et al. (2006) showed through trajectory analysis that the nearly continuous updraft motion along the cold front and the strong alongfront wind component (ϳ5-6 m s
) between 2 and 4 km MSL was a key factor in the development of cumulus clouds along the front prior to 2030 UTC. After 2011 UTC, vertical vorticity maxima (ϳ0.5 ϫ 10 Ϫ3 s
) were observed at the cold front leading edge during P3-Leg 6 and 7 (Figs. 11e,f) . Arnott et al. (2006) concluded that the vertical vorticity maxima disturb the organized upward motion. When the frontal circulation weakened in the late afternoon, misocyclones have a greater influence on the organization of the vertical velocity than when the frontal circulation was stronger.
d. MMR analysis
The surface cold front was intersected several times by 20-km-wide transects of the MMR monitoring temporal evolution of surface mixing ratio (SMR), integrated water vapor (IWV), and integrated liquid water 
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(ILW). The first transects (Fig. 12 ) were directed at a ϳ50°angle relative to the orientation of the cold front, while the latter transects ( Fig. 13 ) were executed at a relative angle of ϳ40°. During MMR-Leg1-4 and MMR-Leg7-9, SMR varied from 7 to 9 g kg Ϫ1 over the entire transect with no clear distinction in SMR between the post-and prefrontal air (Figs. 12 and 13) . However, prefrontal SMR was ϳ1 g kg Ϫ1 higher than the postfrontal SMR during MMR-Leg5 and 6 (Figs. 12), which might indicate the arrival of the warm, moister air advected from the south. The IWV increased steadily between 1830 and 2120 UTC over the entire cross section from its average value of ϳ2.4 to a maximum of ϳ3.2 cm. IWV was highly variable across the front with localized maxima exceeding the prefrontal background values by 2-4 mm between MMR-Leg3 and MMR-Leg6. These maxima occurred every 8-9 km and are indicated by downward-pointing arrows in Fig.  13 . Figure 4 shows a line of enhanced reflectivity ahead of the cold front and parallel to the dryline. Arnott et al. (2006) observed open-cell convection and northward-oriented bands of enhanced convergence ahead of the cold front on 10 June 2002. It is possible that the IWV maxima might be manifestations of the enhanced convergence and reflectivity observed ahead of the cold front. A large increase in IWV (to ϳ3.4 cm) was observed after 2051 UTC immediately ahead and behind the cold front leading edge (Ϯ5 km). Radiometric signatures of clouds, defined as locations with ILW Ͼ 0.1 mm, were observed during MMR-Leg5, 6, 8, and 9 (gray-shaded areas in Figs. 12 and 13) . They mainly formed within the prefrontal region ϳ2-10 km ahead of the cold front leading edge, which is close to the dryline. Clouds were also observed to form ϳ2-3 km behind the cold front leading edge (gray-shaded areas in Figs. 12e and 13b,c) . The formation of clouds within the cool air can be related to the vertical tilt of the cold front.
e. NRL-P3 in situ, ELDORA, and LEANDRE II analysis
In this subsection the across-front variation of temperature, mixing ratio, and wind measured by NRL-P3 instrumentation is analyzed at 1.3 km MSL along the southwestern and northeastern ends of the rectangular box pattern executed by the aircraft. The across-front leg on the southwestern end is referred to as P3-Leg5-6, while P3-Leg6-7 corresponds to the across-front leg on the northeastern end. Figure 14 provides an overview of the across-front kinematic and moisture structures observed along these two legs. Since LEANDRE II and P3 in situ measurements across the front were not collocated, the following discussion of these observations is based on a spatial reference along and relative to the beginning of the flight paths shown Fig. 14c for P3-Leg5-6 and Fig. 14d for P3-Leg6-7.
The hot, dry air mass was intersected along the southwestern part of the sampling domain during the first 6 km of P3-Leg5-6 (Figs. 14a,c,e) . At the cold front leading edge, LEANDRE II and the P3 in situ measurements observed an increase in mixing ratio from ϳ9.5 to ϳ11.5 g kg Ϫ1 between 6 and 9 km of P3-leg5-6 from Table 2 ). The hatched areas indicate regions with pronounced drops in surface temperature (not shown) from east to west (⌬T Ͼ 2 K). The location of the cold front is at the eastern extent of these regions and indicated by a black line with filled triangle. Thin, downward-pointing arrows highlight local maxima in IWV. ILW Ͼ 0.1 mm, suggestive of the presence of cloud, is shaded gray and labeled as CL. The first convection was observed around the location highlighted by the thick, upward-pointing arrow labeled as CI.
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the southeast to the northwest. (Fig. 14e) Within the same distance, dropped from 318.5 to 317.3 K (Fig.  14e) . A wind shift from southwest to west occurred at ϳ10 km along the flight path, immediately behind the drop in and the increase in mixing ratio. Based on the wind, , and mixing ratio data, the warm, moister air located farther to the southeast, was apparently not sampled during P3-Leg5-6. The P3 aircraft intersected the cool air sector and the wedge of the warm, moister air advected from the south during P3-Leg6-7 along the northeastern end of the sampling domain (Figs. 14b, d, f) . Along this transect, the cool air was encountered between 0 and 11 km of P3-Leg6-7. At the cold front leading edge at 10-11 km of P3-Leg6-7, dropped by ϳ2 K and mixing ratio increased slightly by 0.8 g kg Ϫ1 from southeast to northwest. As observed along the southwestern end during P3-Leg5-6, winds shifted slightly from south to southwest at 10.1 km along the flight path, immediately behind the drop in in the cool air sector (Fig. 14f) . Contrary to the observations along the southwestern end, the drop in occurred over a distance of only ϳ1 km.
Mixing ratios at 1.3 km MSL were greater ( Fig. 14d ; 11-14 g kg Ϫ1 ) along the northeastern part of the cold front than along the southwestern part ( Fig. 14c; 8-12 g  kg   Ϫ1 ). The prefrontal difference in moisture is a result of the dry air mass immediately ahead of the cold front to the southwest that is not present to the northeast. The postfrontal differences in moisture are related to differences in the depth of the cold front between the southwest and northeast ends. Along the southwest end, the top of the ELDORA-derived kinematic boundary is at ϳ1.75 km, whereas the top of the kinematic boundary along the northeast end is at ϳ1.3 km (figures not shown). That is, the southwestern flight leg flew within the cool air sector while the northeastern flight leg skimmed the top of the cool air sector. Air transported up and over the cool sector along the northeastern end was relatively moist as a result of the relatively moist prefrontal conditions in that area.
Comparison of cold front to gravity current structures
Several observational studies suggest that gravity current characteristics are evident along cold fronts. Smith and Reeder (1988) provide an overview of the applicability of gravity current theory to cold fronts. A schematic of the thermal structure and relative flow of an atmospheric gravity current from Smith and Reeder (1988) is illustrated in Fig. 15a . It has been hypothesized that diabatic processes associated with precipitation or the presence of topography are essential to maintain or develop gravity current phenomena. Gravity current characteristics such as a head structure, mixed region, and the jet of cold air propagating faster than the cold front (Fig. 15a) were observed along nonprecipitating cold fronts in the presence of topography (Shapiro 1984; Young and Johnson 1984; Shapiro et al. FIG. 13 . Same as in Fig. 12 , but for north-south horizontal profiles of MMR data between 2038 and 2120 UTC ( Fig. 4 ; Table 2 ). The location of the cold front is at the southern extent of the pronounced temperature gradient regions that are hatched.
1985)
. Several other studies showed that neither topography nor precipitation processes are necessary to trigger these gravity current characteristics (e.g., Clarke 1961; Garratt and Physick 1986; Brandes and Rabin 1991; Bond and Shapiro 1991; Geerts et al. 2006 ). Most of the recent studies on the applicability of gravity current theory to cold fronts were conducted on fastmoving fronts; the relevance of the theory for slow- ). The approximate location of the surface cold front is indicated at the bottom of the plots by the black line with the filled triangle.
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moving cold fronts is still unclear. Several studies have shown that stationary or slow-moving sea-breeze fronts exhibit gravity current characteristics (e.g., Simpson 1969; Atkins and Wakimoto 1997; Kingsmill and Crook 2003 ). An essential feature of a gravity current is that the magnitude of the feeder flow positioned behind and directed normal to the front (denoted as uЈ) must be greater than the speed of the front (denoted as c) over a considerable depth and horizontal extent. The frontal propagation speeds derived from the spatial displacement of the MMR surface temperature gradient indicating the location of the cold front (Fig. 12) . The mean front-normal cross sections were derived from 70 to 207 individual cross sections for each flight leg. Through the averaging process to calculate these mean cross sections, the amount of correlation between the horizontal wind errors is unknown. If they are all correlated, then the mean cross-section error would be Ϯ1 m s Ϫ1 whereas if they are anticorrelated, the errors would effectively cancel and the mean cross-section error would be 0 m s
Ϫ1
. We assume a middle ground of Ϯ0.5 m s Ϫ1 , which lies between these two extrema. Note also that Fig. 10 only reveals the feeder flow between 1 and 1.3 km, which covers only the upper part of the post-cold frontal air mass according to Arnott et al. (2006) . They measured an average front-relative flow between the ground and 1.3 km MSL of 5-10 m s Ϫ1 at 1946 UTC and Ͻ5 m s Ϫ1 at 2036 UTC ( Fig. 12 in Arnott et al. 2006) . Although the difference between uЈ and c was rather small in Fig. 10 and c differed in space and time, the evidence suggests that uЈ Ͼ c in both the early and late afternoon, thus net low-level mass transport forward relative to the leading edge of the front occurred.
Since an atmospheric gravity current is primarily a horizontal flow driven by density differences, the leading edge should be characterized by a Froude number between 0.7 and 1.4 in calm conditions (Benjamin 1968) . Simpson and Britter (1980) showed that Froude numbers decrease slightly in the presence of a head wind. The calculation of the Froude number is based on equations used by Benjamin (1968) and Simpson and Britter (1980) Fr
where u * is the densimetric speed, u 0 is the frontnormal head wind speed (negative sign), and b ϭ 0.6. The densimetric speed is calculated according to
where vc ( vw ) is the mean virtual potential temperature over the depth and behind (ahead of) the cold front, h is the mean kinematic boundary depth, and g is the acceleration due to gravity. Froude numbers calculated from (1) using parameters listed in Table 5 were within the range characteristic for gravity currents decreasing from 1.3 (c ϭ 2.4 m s
) in the early to 0.8 (c ϭ 1.5 m s Ϫ1 ) in the late afternoon when using propagation speeds based on the surface temperatures observed by the MMR. The uncertainties in these Froude numbers are Ϯ0.6 in the early afternoon and Ϯ0.4 in the late afternoon based on the Gaussian propagation of uncertainties for each variable in Eq. (1), which are listed in Table 5 . A complementary analysis of Froude numbers and their uncertainty based on propagation speeds derived from ELDORA reflectivity between 1830 and 2030 UTC also reveals Froude numbers that are characteristic for gravity currents, with values of 1.0 Ϯ 0.6 on the northeast end and 0.5 Ϯ 0.3 on the southwest end. For this calculation the propagation speeds derived from ELDORA data in the northern (southern) extent of the cold front were combined with the temperatures obtained in the early (late) afternoon, which were derived from the first (second) dropsonde Mean kinematic boundary depth based on mean vertical cross sections) ϳ600 Ϯ 250 m Ambient airflow ahead of and orthogonal to the cold front (based on mean vertical cross sections) ϳ3 Ϯ 0.5 m s
Mean ahead of the cold front (based on radiosondes with an uncertainty in mixing ratio of ϳ1 g kg series placed along the northern (southern) extent of the front (Table 5) . Low-level mass transport toward the cold front leading edge and Froude number analysis do not provide stringent tests of the applicability of gravity current theory to the 10 June cold front due to the large uncertainty of measured quantities and their high temporal and spatial variation. Smith and Reeder (1988) concluded that the overall cold frontal structure also needs to resemble that of a gravity current (Fig. 15a) . The analysis of several individual vertical cross sections (e.g., vertical cross section at 2036 UTC in Figs. 15b,c) and the mean kinematic cold frontal structures (Fig. 10) of the 10 June case showed flow structures similar to what is depicted in gravity current schematic. A feeder flow of ϳ2-4 m s Ϫ1 toward the leading edge in the cool air sector was observed along the slowly propagating cold front (0.3 Ͻ c Ͻ 2.4 m s Ϫ1 ). Other typical features are the reverse flow close to the ground, which is related to friction, and the pronounced return or upstream flow (Fig. 15c) at the leading edge, which increased with time (Fig. 10) . This flow produced an updraft (ϳ0.5-1 m s
) that was located at the cold front leading edge both within the cool and warm air mass (Fig. 10) . A pronounced rotor circulation within the cool air was observed in the cool air mass.
Laboratory experiments also show an elevated head in advance of the gravity current with a series of lobes and clefts that continually change their shape (Simpson 1969 ). An elevated hydraulic head followed by a wakelike flow was observed in nonprecipitating cold fronts by Young and Johnson (1984) and Shapiro et al. (1985) . The temporal and spatial resolution of the measurements on 10 June is too coarse to resolve any lobe and cleft structures. However, vertically elevated bulges were observed at the cold front leading edge in the mixing ratio (Fig. 6) along individual cross section and in the radar reflectivity fields of all of the mean cross sections (Fig. 10) . The horizontal extent of the feeder flow (Ͼ20 km) exceeded the horizontal extent of those bulges (ϳ10 km), another characteristic of a density current according to Smith and Reeder (1988) .
A sharp change in density and pressure on the passage of the cold front was not revealed by the data collected on 10 June. Horizontal transects from the UW King Air in situ measurements showed only a slight jump in pressure of ϳ2.5 hPa and potential temperature of ϳ0.5 K located at 1.2 km MSL over ϳ2.5 km in an area with a sharp gradient of wind speed and direction (Fig. 8) . The validity of these numbers remains somewhat uncertain since the flight altitude varied by 50-80 m along this track. Also, only the upper part of the boundary was intersected at this flight altitude.
Along the lowest flight leg (0.9 km MSL), the aircraft altitude varied by ϳ100 m, which created an extreme bias in the pressure measurements. Note that these sharp changes occur on a ϳ1-km scale. Shapiro et al. (1985) observed a temperature gradient of 4-8 K over a ϳ1-km horizontal scale across a cold front showing characteristics of a hydraulic frontal head.
Our results suggest that the applicability of gravity current theory to this very slow-moving cold front on 10 June strongly depends on the uncertainties of the measured quantities. There is evidence for certain gravity current characteristics: the Froude number and the overall kinematic structure shown in the pronounced rotor circulation, the ϳ2 m s Ϫ1 feeder flow toward the leading edge, an undercurrent flow close to the ground, an elevated head structure followed by a wakelike, rearward flow, and the upstream flow at the leading edge. However, other characteristics (e.g., a sharp change in density and pressure, lobe, and cleft structures) remain uncertain due to the temporally and spatially variable nature of the phenomenon and the coarse resolution and nonoptimized placement of measurements.
More comprehensive high-resolution measurements of temperature, moisture, and wind across slow-moving cold fronts are necessary to assess and extend the findings from this case study. A good example of an approach to employ was impressively demonstrated by Geerts et al. (2006) . They revealed with great detail gravity current characteristics such as nose and head structures, feeder flow, and front-to-rear flow along a fast-moving cold front using data from the 94-GHz Wyoming cloud radar. With spatial resolution of 40 m they were able to resolve not only gravity current characteristics but also breaking Kelvin-Helmholtz waves. A larger number and closer horizontal spacing of vertical temperature and moisture profiles across and behind the cold front will also be needed in future experiments to better monitor the temporal and spatial variation of Froude numbers.
Summary and conclusions
The kinematic and moisture structure of a slowmoving, nonprecipitating cold front observed in westcentral Kansas on 10 June 2002 during IHOP has been examined with a wide array of ground-based and airborne instrumentation that included in situ sensors, sounding systems, Doppler radars, a microwave radiometer, and a differential absorption lidar. Intensive observations were collected across a ϳ40-km-wide swath that straddled a ϳ100-km segment of the front. Less horizontally concentrated observations were collected over a wider across-front swath of about 200 km.
The investigation focused on structures observed in the across-front dimension. A conceptual model of the conditions across the cold front is presented in Fig. 16 . In the early afternoon between 1800 and 2000 UTC (Fig. 16a) , the slow-moving, nonprecipitating cold front was located in the northwest half of the observation domain. The cool air sector was characterized by a pronounced northwesterly feeder flow of ϳ2-4 m s Ϫ1 toward the cold front leading edge that reached up to ϳ1.5 km MSL. A rotor circulation located at the leading edge merged into a rearward-directed return flow of ϳ2 m s Ϫ1 above the feeder flow (indicated by streamlines in Fig. 16a ). The weak rearward-directed undercurrent flow was only observed in individual cross sections (Fig. 15) . The cold front leading edge was tilted back to the northwest about 8 km in the horizontal for every 1 km in the vertical and the average updraft at the frontal interface was about 0.5 m s Ϫ1 (gray arrow in Fig.  16a ). Immediately ahead of the cold front was a 10-kmwide band of hot, dry boundary layer air with ϳ5 m s Ϫ1 winds out of the south-southwest. The largest horizontal gradients in wind and moisture were observed below 1.5 km. A dryline was located to the southeast, separating the hot, dry air mass immediately ahead of the cold front from a warm air mass advected from the south that was moister (q ϳ 11-14 g kg Ϫ1 ) than the air behind the cold front (q ϳ 8-11 g kg
Ϫ1
). The change in wind direction along this dryline was less distinct than the cold front, with only a 20°-30°wind shift. Weak upward motions less than or equal to 0.5 m s Ϫ1 were observed (gray arrow in Fig. 16a ). All three air masses were capped by a strong stable layer at about 2-2.5 km indicated by the hatched area.
Later in the afternoon between 2000 and 2200 UTC (Fig. 16b ) the temperature gradient across the front weakened due to diabatic heating in the cloud-free cool air mass. At the same time, the warm, moister boundary layer air approached the cold front from the south. The interfaces separating the cool, less moist air located to the northwest and the warm, moister air located to the southeast from the hot, dry air near the surface and environmental air aloft are depicted as dashed black lines. The kinematic boundary defined as the zero across-front wind speed is highlighted in gray. Streamlines are indicated as black lines with arrowheads: thickness is related to the magnitude of the wind vectors. Vertical velocity is represented by upward-pointing gray arrows; length is related to magnitude. Location of maxima in vertical vorticity ( max ) is highlighted as a rotating tube symbol in (b). More dense hatching for the capping layer corresponds to stronger stability.
The evolution of the hot, dry air ahead of the cold front was not well documented by the dropsondes because the first series during the early afternoon was placed too far north. The dryline was still well observed in the southwestern part of the observational domain while it vanished almost completely in the northeastern part. At the cold front leading edge, wind shear, low-level convergence (ϳ1 ϫ 10 Ϫ3 s Ϫ1 ), and vertical vorticity (ϳ0.5 ϫ 10 Ϫ3 s
; indicated as a rotating tube symbol in Fig. 16b ) increased in the layer from the surface up to ϳ1.5 km MSL. The mean updraft within the frontal convergence zone was deeper and more intense than earlier with peak magnitudes ϳ1 m s Ϫ1 (gray arrows in Fig. 16b ) and was still tilted back (ϳ7°) over the cool air. The wakelike flow on top of the cool air became more pronounced. Clouds formed after 2030 UTC behind the cold front leading edge and above the cool air.
With a mean updraft of ϳ1 m s Ϫ1 , the time required to lift air parcels up to the ϳ3.6 km MSL LFC was about 30-60 min. However, in local areas where updraft magnitudes exceeded ϳ4 m s
, this time would be as short as 15 min. During the late afternoon, thermodynamic conditions became more favorable for convection initiation. The strong stable layer weakened (Figs. 5 and 6). The DDC radiosonde at 2100 UTC reported an increase in CAPE to 2479 J kg Ϫ1 and a decrease in CIN to 130 J kg Ϫ1 relative to the 1800 UTC radiosonde (Table 1) . Moisture increased in the layer between 2 and 4 km MSL.
Evidence for certain gravity current characteristics was found at the cold front leading edge: Froude numbers between 0.7 and 1.4, a pronounced front-normal feeder flow toward the cold front leading edge, a rotor circulation, vertically elevated bulges in mixing ratio and radar reflectivity, reverse flow close to the ground, and pronounced updrafts. Other characteristics such as a sharp change in pressure and lobe and cleft structures remain uncertain due to the temporally and spatially variable nature of the phenomenon and the coarse resolution of the measurements.
In addition to being important in their own right, the across-front structures described in this paper provide an important two-dimensional context that lays the foundation for a more complete three-dimensional description of the 10 June 2002 cold front case. In Part II of this study, the emphasis will shift to documenting kinematic and moisture structures observed in the alongfront dimension. More specifically, attention will be focused on the three-dimensional organization of vertical velocity, vertical vorticity, and horizontal vorticity along and behind the front and whether they may play a role in convection initiation.
